Purpose: To determine tolerability and for the first time explore efficacy of bendamustine-rituximab (BR) in multiply relapsed/refractory hairy cell leukemia (HCL), using two different dose levels of bendamustine.
Introduction
Hairy cell leukemia (HCL), a B-cell malignancy comprising 2% of all leukemias, is effectively treated with purine analogs cladribine or pentostatin, producing complete remission (CR) rates of 75% to 90%, most lasting more than 10 years (1, 2) . Although median time to relapse is 16 years (3), disease-free and relapse-free survival curves have not reached a plateau, suggesting that most patients who live long enough will eventually relapse (1-3). A high percentage of patients in CR have minimal residual disease (MRD; ref. 4 ) even if assayed a median of 16 years later (5) . While HCL cells comprising MRD are brightly CD20 þ (6), CR rate to the anti-CD20 MAb rituximab as a single agent was 13% in the largest trial reported where all patients had prior purine analog and needed treatment because of HCLrelated cytopenias (7, 8) . Results of rituximab combined with purine analogs are more encouraging (3, 9, 10) , but patients with multiple prior purine analogs may respond less well. Bendamustine, approved for chronic lymphocytic leukemia (CLL) and relapsed B-cell non-Hodgkin lymphoma (NHL), has features of both alkylator and a purine analog (11) . Lacking cross resistance with other alkylating agents (12) , its multiple mechanisms of action include (i) activation of DNA damage stress responses and apoptosis, (ii) inhibition of mitotic checkpoints, (iii) induction of mitotic catastrophe, (iv) activation of a DNA repair pathway involving base excisions, (v) p53-dependent stress pathway initiation leading to apoptosis, and (vi) downregulation of genes needed for mitotic checkpoint regulation (12) . Bendamustine alone was reported to achieve a temporary partial response (PR) in a patient with HCL with multiply relapsed and transfusion-dependent disease (13) , but otherwise its activity in HCL is unreported. Bendamustine-rituximab (BR) are synergistic in vitro, with rituximab increasing malignant cell sensitivity to bendamustine (14) (15) (16) . BR has been used effectively for untreated or relapsed and refractory CLL (17) (18) (19) , indolent NHL and mantle cell lymphoma (MCL; ref. 20, 21) , and diffuse large B-cell lymphoma (22) . To determine the tolerability of BR in HCL, we conducted a pilot trial using 2 different dose levels of bendamustine, 70 and 90 mg/m 2 , given on days 1 and 2 of six cycles with rituximab, and studied both toxicity and response. This 12-patient tolerability study constituted a separate cohort required prior to a larger and longer term randomized cohort comparing BR and pentostatin-rituximab in multiply relapsed HCL, where determination of a safe dose of BR was required before randomization. The clinical data with BR in these 12 patients, while not statistically comparable with respect to dose level, to our knowledge constitute the first evidence of its efficacy in HCL.
Patients and Methods

Eligibility
Patients were diagnosed with classic or variant HCL, with 1 indication for treatment, including neutrophil count <1/nL, hemoglobin <10 g/dL, platelets <100/nL, lymphocytes > 5/nL, symptomatic splenomegaly, enlarged nodes, or repeated infections. Patients required 2 purine analog courses, or if purine analog-refractory (<1 year response to first course), 1 course of rituximab in addition. Patients required adequate organ function and lack of hepatitis or other serious infection as described (23) , and signed informed consent as approved by the NCI Institutional Review Board (IRB).
Study design
Six patients received bendamustine at 70 mg/m 2 , followed by another 6 at 90 mg/m 2 , on days 1 and 2 of six cycles, given 4 weeks apart. All patients received rituximab 375 mg/m 2 days 1 and 15. Patients could be delayed up to 4 weeks but could not be dose-reduced. Dose-limiting toxicity (DLT), which would require going off treatment, was defined as drug-related grade III-IV toxicity by NCI Common Terminology Criteria for Adverse Events version 4.0 (CTCAE v4.0), except for (i) hematologic toxicity resolving in 4 weeks, (ii) hematologic toxicity managed with transfusions and/or growth factor support, (iii) grade III fever, (iv) grade III gastrointestinal toxicity, and (v) grade III-IV aspartate aminotransferase (AST), alanine aminotransferase (ALT), or g-glutamyltransferase (GGT) elevation for <5 days. These 12 patients comprised the tolerability component of a larger and longer term randomized trial of BR versus pentostatin-rituximab in multiply relapsed HCL, which is currently ongoing (NCT01059786). While the goal of this nonrandomized tolerability study was to determine a safe dose of bendamustine to use in the randomized component, its efficacy data were separate from the randomized trial and will not be used to compare BR to pentostatin-rituximab.
Response criteria
CR required absence of HCL in blood and bone marrow by Wright or hematoxylin/eosin (H/E) stains, no abnormal (palpable) hepatosplenomegaly or abnormal (>2 cm) adenopathy by physical examination or imaging, and resolution of blood counts to neutrophils 1.5/nL, platelets 100/nL, and hemoglobin (Hgb) 11 g/dL without growth factors or transfusions for 4 weeks. Bone marrow was obtained after four and six cycles, then yearly for CRs. One patient had bone marrow after cycle 3 instead of after cycle 4. Criteria for CR with MRD in the bone marrow biopsy by immunohistochemistry (IHC) were previously defined (4). MRD in blood or bone marrow aspirate (BMA) was defined as HCL cells detectable by flow cytometry, as PCR was less sensitive than flow cytometry (6) . PR required 50% reduction in (i) circulating HCL count, (ii) abnormal lymphadenopathy, and (iii) abnormal hepatosplenomegaly by computed tomography (CT) or physical examination, and achievement of normal blood counts as required for CR or a 50% improvement over baseline, including Hgb 9 g/dL if transfusion-dependent before enrollment. Progressive disease (PD) required a 50% increase in adenopathy or new lymph nodes, a 50% increase in liver or spleen size measured below the costal margin, or a 50% increase in circulating HCL cells. Stable disease was defined as lack of CR, PR, or PD. Patients meeting criteria for PR with respect to normal blood counts, but meeting all other criteria for CR, were considered CR only if MRD-negative by all tests of bone marrow and blood. Relapse from CR or PR was established when any one of the tests needed for the achieved response was no longer consistent with that response, whether bone marrow, blood count, or imaging. Statistical comparisons used Fisher exact test or Wilcoxon rank-sum test using exact P values, and all P values were 2-sided.
Results
Patient characteristics
Six patients each received 2 dose levels of bendamustine, 70 and 90 mg/m 2 on days 1 and 2 with rituximab on days 1 and 15 of six cycles 4 weeks apart (Table 1 ). All but one had classic HCL cells, which were bright-positive for CD20, CD22, and CD11c and positive for CD19, CD103, CD25,
Translational Relevance
Although purine analogs cladribine and pentostatin are excellent agents for hairy cell leukemia (HCL), multiple courses are associated with resistance, making the optimal treatment for multiply relapsed HCL undefined and in need of additional options. Bendamustine is a purine analog with alkylator activity and kills cells by mechanisms of actions not possible with other purine analogs. The bendamustine-rituximab (BR) combination has established synergy against malignant cells in vitro, but its use has not been reported in HCL. The current study aims to determine the tolerability of BR in patients with multiply relapsed HCL at two different dose levels of bendamustine, with a later goal of comparing the BR regimen with pentostatin and rituximab. It also explores the efficacy of BR in this setting, including its ability to clear minimal residual disease, and is the first study to show that BR can achieve complete remissions in HCL. and CD123. One patient who received 70 mg/m 2 of bendamustine had HCL variant (HCLv) and had similar flow cytometry except negative for CD25 and CD123, as expected (24, 25) . One patient in each group (RB04 and RB07) was previously reported as wild-type for BRAF (26) , expressing IGHV3-23 and IGHV3-48 immunoglobulin rearrangements, respectively, with 96.3% and 94.2% homology to germline. The IGHV4-34 rearrangement was not detected in any patient. HCLv patient RB06 was also wild-type for BRAF. Ages at enrollment ranged from 55 to 70 (median, 62) years, with those at 70 mg/m 2 slightly older (median, 68 vs. 60 years, respectively; P ¼ 0.004). Patients in each group were previously treated with a median of 3 courses of purine analog, the last being pentostatin for 2 in the 70 mg/m 2 group and cladribine for all others. Four and 5 of 6 patients at 70 and 90 mg/m 2 , respectively, responded to their last purine analog, and durations of response to last purine analog were not significantly different between the two groups (P ¼ 0.18). In the two respective groups, 5 and 3 patients had prior rituximab monotherapy, 3 and 2 had prior splenectomy, and 6 and 3 had prior recombinant immunotoxins. The recombinant immunotoxins used for these 6 and 3 patients respectively included LMB-2 (ref. 27 ; n ¼ 1), BL22 (ref. 28 ; n ¼ 2), moxetumomab pasudotox (ref. 23 ; n ¼ 2), BL22 followed by LMB-2 (n ¼ 1), and 1 each in the higher dose group had prior LMB-2, BL22, or moxetumomab pasudotox. Thus, patients with HCL receiving BR were heavily pretreated and multiply relapsed. While characteristics differed between the 2 groups, no significant differences were noted except for a slight difference in age, although the patients receiving the lower dose tended to have somewhat more advanced disease.
Toxicity
Seventy-two cycles were administered, including 36 at each bendamustine dose level. In this 12 patient pilot trial, we did not see DLT, with all 72 cycles administered without excessive delay. The main toxicities were hematologic. The most common grade I-IV toxicities at 70 and 90 mg/m 2 of bendamustine, respectively, were thrombocytopenia (67% and 100%), lymphopenia (67% and 83%), neutropenia (33% and 50%), and leukopenia (67% and 50%). The most common grade III-IV hematologic toxicities included lymphopenia (67% and 83%), thrombocytopenia (67% and 83%), leukopenia (67% and 50%), and neutropenia (17% and 33%). Common nonhematologic toxicities, often related to rituximab infusion, included chills (67% and 67%), nausea (67% and 33%), ALT elevation (67% and 50%), and fever (33% and 67%). Some of these toxicities were also related to bendamustine, including taste disturbance (dysgeusia, 33% and 17%). Figure 1 displays the number of total cycles and grades in which toxicity was observed. The most common toxicities per cycle included lymphopenia, chills, leukopenia, nausea, skin rash, and thrombocytopenia (platelets). Grade III-IV hematologic toxicities in both groups included lymphopenia, leukopenia, thrombocytopenia, and neutropenia. Other grade III-IV events included transaminase elevation, hypertension, febrile neutropenia in two cycles (separate patients), and non-neutropenic pneumonia. All toxicities were reversible and only 1 patient, in the 90 mg/m 2 arm, required a delay in treatment. This delay was due to prolonged neutropenia and thrombocytopenia but occurred only between cycles 1 and 2; subsequent cycles were better tolerated after achieving response to treatment. Granulocyte colony-stimulating factor (G-CSF) was used both to treat neutropenia associated with fever and prevent recurrent neutropenia in these patients. Three of 6 patients at each dose level received G-CSF. Two patients had dermatomal cutaneous Zoster infections, which resolved with antiretroviral therapy, and no Zoster infections were observed in patients taking antiretroviral prophylaxis, which was instituted after the second case.
Decreases in CD4 and CD8
þ T cells
As purine analogs in HCL are known to result in longterm reductions of CD4 þ lymphocytes and to a lesser extent CD8 þ lymphocytes (29, 30) , we quantified these subsets in patients receiving BR. As shown in Table 2 , CD4 and CD8 counts decreased to a median of 19% and 30% of baseline, recovering to 70% and 114% of baseline, respectively. Thus, although differences between the dose levels were not statistically different due to overlap, there were dose-dependent decreases in both CD4 þ and CD8 þ T cells, which have significantly recovered even at the higher dose level, at a median observation time of 19 months from beginning BR. The higher frequency of grade IV lymphopenia at 90 versus 70 mg/m 2 ( Fig. 1) , although not statistically significant, was probably because at the higher dose, there were both greater reductions in CD4 and CD8 þ lymphocytes, and also lower baseline values. To prevent infections, those with CD4 counts under 200/mm 3 received prophylaxis for both Herpes Zoster reactivation and Pneumocystis jiroveci pneumonia (PJP). No cases of PJP were observed. Of the 2 patients with Herpes Zoster reactivation after cycle 6, one at 70 mg/m 2 had CD4 and CD8 counts (respectively) changing from 405 and 405 to 207 and 568 by cycle 6 day 251 and then to 506 and 2143, by cycle 6 day 559. The other, at 90 mg/m 2 , had CD4 and CD8 counts (respectively) nadir from 126 and 140 to 37 and 52 by cycle 2 day 1 and then to 177 and 207, by cycle 6 day 441. Antiviral prophylaxis was instituted for all patients after this second case.
Platelet decrease after the first dose of BR
We observed a rapid but transient decrease in platelet count with just the first dose of bendamustine followed immediately by rituximab. As shown in Table 2 , platelets fell in the first 1 to 2 days after beginning BR, with median decreases of 18 and 25/nL in the groups receiving 70 and 90 mg/m 2 of bendamustine, resolving in several days. No hemorrhagic complications were observed but platelet transfusions were given for platelets <10/nL. Six patients with baseline spleen height >14 cm, compared to 6 with smaller or absent spleens, had significantly greater reductions in platelets (median, 42 vs. 7/nL; P ¼ 0.015) and percent reductions in platelets (median, 76% vs. 11%; P ¼ 0.009), suggesting that the transient thrombocytopenia was proportional to tumor burden. There was no significant difference in platelet reduction with bendamustine dose. Taken together, BR showed an acceptable safety profile at either dose level, supporting the use of the higher dose if needed for response.
Patient response
Response was evaluated according to previously defined response criteria for HCL (23, 28) . As shown in MRD, 7 (58%) of 12 patients achieved negative bone marrow biopsy IHC. This included RB08, treated at 90/m 2 of bendamustine, who had platelet recovery to <100/nL (95/nL from a baseline of 35/nL) but was considered CR by protocol because of MRD negativity not only by IHC but also by blood and BMA flow cytometry. This patient would be considered CR with incomplete recovery (CRi). Lack of MRD indicated that incomplete platelet recovery was due to toxicity of BR and/or prior therapy, rather than inability to eradicate his HCL cells. Comparing the 70 versus 90 mg/m 2 groups respectively, 67% versus 83% became MRD-negative in blood, and 33% versus 67% in BMA (Table 3) . Thus, detection of MRD was highest in BMA, lowest in blood, and intermediate by bone marrow IHC. Furthermore, all but one Table 3 as time to MRDfree, was similar in 5 of the 6 MRD-negative patients, 82 to 112 days, and RB01 achieved an MRD-negative BMA at day 223 after restaging at 105 days was negative except for a positive BMA by flow cytometry. Statistical comparison of the 2 groups for response was not an anticipated endpoint of the trial, and no major differences were observed which were unexpected given the heterogeneity between the 2 groups.
Patient response related to soluble receptors
To determine the relationship of response to BR and HCL tumor markers, patients were followed for serum levels of soluble forms of CD22 (sCD22) and CD25 (sCD25), which were previously reported to correlate with tumor burden and response in HCL (31, 32) . As shown in Fig. 2 , both sCD22 and sCD25 significantly decreased with response to BR. Median sCD22 decreased from 17.7 to 0 ng/ml (P ¼ 0.0015 Fig. 2A ) and sCD25 from 42 to 2 ng/ml (P ¼ 0.0017, Fig. 2C) for CRs (n ¼ 7). We previously reported that sCD22 levels below 2 ng/mL are associated with CR, whereas higher ones are associated with PR or higher HCL disease burden (31) . As shown in Fig. 2B and D, sCD22 and sCD25 each decreased in patients achieving PR, but pretreatment and posttreatment values overlapped for some patients. As expected, the sCD25 levels in patient RB06 with CD25-negative HCLv were low before and after BR (Fig. 2D,  1 .99-1.17 ng/mL), and the small difference was possibly due to decrease in normal CD25 þ lymphocytes. In this patient, sCD22 decreased from 225 to 86 ng/mL with PR (Fig. 2B) .
Duration of response
To determine CR duration, patients were followed with regular blood counts and bone marrow biopsies. The median disease-free survival has not been reached. Clinical Cancer Researchan endpoint, patients achieving CR fared better than those achieving PR as best response (P < 0.001). Thus, while CRs after BR are durable, durability of PR is suboptimal, indicating that achievement of CR should be the goal of treatment with BR in multiply relapsed patients with HCL. Of the 5 patients who achieved PR, 4 have required retreatment. Each of these 4 patients received pentostatin and rituximab, and one of these 4 achieved a PR ongoing at 12 months (after a 14.5-month response to BR). One patient subsequently received vemurafenib without response. Additional follow-up and patients will be needed to determine whether eradication of MRD after BR by all tests including BMA flow cytometry is a significant predictor of response durability in CRs.
Discussion
Bendamustine with or without rituximab has shown efficacy in a wide variety of hematologic malignancies (11), including both treated and untreated CLL (17) (18) (19) 33) , indolent B-cell NHL and MCL (11, 20, 21, (34) (35) (36) , aggressive B-cell NHL (37, 38), T-cell lymphomas (35) , acute myeloid and lymphocytic leukemia and myelodysplastic syndrome (39), Hodgkin lymphoma (40), and multiple myeloma (41) (42) (43) . In many of these settings, it has shown safety and efficacy in heavily pretreated patients and in older populations without major toxicities. The activity of bendamustine in HCL is previously unreported except for a case report using bendamustine alone, which achieved a PR in a multiply relapsed patient with advanced disease (13) . The goal of this study was to examine the tolerability and explore the efficacy of 2 dose levels of bendamustine combined with rituximab, 70 and 90 mg/m 2 , days 1 and 2 for six cycles at 4-week intervals. We found that at either dose level, patients with multiply relapsed/refractory HCL tolerated BR without DLT or excessive dose delays, with ORR 100%, CR rate 58%, and CRs were usually without MRD and durable.
Choosing a dose level for bendamustine
Doses of bendamustine (given on days 1 and 2 of cycles) for clinical trials reported over the past several years have ranged from 70 mg/m 2 every 4 weeks for six cycles for relapsed CLL (17) to 120 mg/m 2 every 3 weeks for six to eight cycles used for relapsed NHL and MCL (34, 36, 44) and aggressive NHL (38) . Although detailed accounts of excessive toxicity with the higher dose level have not been published, more recently reported trials have used the intermediate dose level of 90 mg/m 2 /dose every 4 weeks for six cycles for untreated CLL (18) and untreated or relapsed aggressive NHL (37) . This dose and schedule in combination with bortezomib was also used for relapsed indolent NHL and MCL (21) In HCL, response is related to assessment of hematologic toxicity, as patients have pre-existing cytopenias that must respond to treatment. While 67 and 100% of our patients had grade IV hematologic toxicity at 70 and 90 mg/m 2 , respectively, median time to respond was only 94 and 85 days, respectively, and this likely allowed toxicity to resolve, avoiding excessive delays. The median time to CR showed a trend favoring the higher dose group (median 111 vs. 223 days, P ¼ 0.05), despite the requirement for cytopenias to improve before consideration of CR. However, statistical comparison of these 2 sequentially enrolled groups, particularly with respect to response, was not a goal of this trial, and the lower dose group was somewhat more advanced with respect to age, response to last purine analog, prior courses of rituximab, prior splenectomy, diagnosis of HCLv, and prior courses of immunotoxin. Thus, the 90 mg/m 2 dose level of bendamustine with rituximab appears appropriate for continued testing of patients with multiply relapsed HCL, but patients who are slower to respond may need dose reductions or delays.
Elimination of MRD with BR
MRD assessable by flow cytometry or IHC is reported to be common after CR to single-agent purine analog therapy (2, (4) (5) (6) . Inability to eliminate MRD is probably related to emergence of purine analog-resistant populations of cells. As HCL cells comprising MRD are bright-positive for CD20, the use of both purine analog and rituximab may allow the eradication of MRD, as has been observed clinically (3, 9, 10, 45, 46) . Our data indicate that this is also possible with BR. We originally chose to administer four cycles of BR, but as only 1 of the first 6 patients had elimination of MRD by that point, and toxicity was minimal, we decided to use six cycles in all patients. We then did not deviate from six cycles as we needed to establish this dose as safe for the randomized trial, which is comparing to six cycles of pentostatin and rituximab. In a non-protocol setting, it might be reasonable to discontinue treatment after achievement of CR without MRD, or perhaps at one or two cycles after this point. On the basis of published and unpublished observations of bendamustine alone (13), we believe it unlikely that bendamustine alone could eliminate MRD sufficiently to justify a trial of BR versus bendamustine alone to determine whether the rituximab is necessary. With respect to whether these responses could have been achieved by rituximab alone, the 58% CRs and 100% ORR with BR compares favorably to 13% CRs (P ¼ 0.007) and 26% ORR (P < 0.0001) achieved by rituximab alone in the largest trial using patients who would be eligible for this study (7) . Despite the ability of BR to eliminate MRD, it is still premature to conclude that eradication of MRD will improve clinical outcome. Moreover, when MRD becomes undetectable, it may return and lead to relapse. Finally, standard tests of MRD, even BMA flow cytometry which was most sensitive in our experience (Table 3) , may miss MRD which might be detectable through molecular methods (47) and then lead to relapse. Thus, additional patients, sufficient follow-up times, and both standard and molecular MRD assays will be required to determine how useful BR will be as a regimen to achieve long-term disease-free survival in HCL.
Prospective trials of rituximab with purine analog in HCL This is the first prospective evaluation of bendamustine in HCL. While rituximab combined with either pentostatin or cladribine has been reported from retrospective studies with excellent results (3, 9) , prospective studies of purine analogs combined with rituximab are few, particularly for multiply relapsed HCL. Ravandi and colleagues reported a total of 2 once-relapsed and 31 newly diagnosed classic patients with HCL achieving CR, most without MRD, with rituximab following cladribine by 1 month (10, 45) . Obviously, results of BR in multiply relapsed HCL are difficult to compare to these studies. Simultaneous administration of purine analog with rituximab might take better advantage of synergy, based on ex vivo assays showing that rituximab enhances sensitivity to cladribine or bendamustine (15, 16) . It will be important to compare the BR regimen to that of pentostatin-rituximab to better understand the relative toxicity and efficacy of BR in HCL. This long-term study is now underway at NIH.
BR versus other treatments for multiply relapsed HCL
The ability of BR and other combinations of purine analogs and rituximab to eliminate MRD may give them a potential advantage over less myelosuppressive options such as BRAF inhibitors, which have not been shown to consistently eliminate MRD in patient with HCL. Combinations of purine analog with rituximab can also be useful in HCL, which is wild-type for BRAF. The BTK inhibitor ibrutinib has just begun multicenter testing in HCL and it is too early to predict whether the excellent responses seen in CLL and MCL will be achieved with this agent in HCL. The anti-CD22 recombinant immunotoxin moxetumomab pasudotox, now in multicenter phase III testing, may be advantageous over BR and other purine analog rituximab combinations in that it can eliminate MRD without myelosuppression (23) . However, the BR versus pentostatinrituximab randomized trial has been used for patients who were ineligible for or relapsed after the immunotoxin because of antitoxin antibodies. It will be important to further develop these new options for multiply relapsed HCL and to use data from prospective trials to more rationally choose the best regimens for patients.
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